Influenza A Virus NS1 Targets the Ubiquitin Ligase TRIM25 to Evade Recognition by the Host Viral RNA Sensor RIG-I  by Gack, Michaela Ulrike et al.
Cell Host & Microbe
ArticleInfluenza A Virus NS1 Targets
the Ubiquitin Ligase TRIM25 to Evade Recognition
by the Host Viral RNA Sensor RIG-I
Michaela Ulrike Gack,1,2,3,9 Randy Allen Albrecht,4,9 Tomohiko Urano,5,6 Kyung-Soo Inn,1,2 I-Chueh Huang,2
Elena Carnero,4 Michael Farzan,2 Satoshi Inoue,5,6 Jae Ung Jung,1,2,* and Adolfo Garcı´a-Sastre4,7,8,*
1Department of Molecular Microbiology and Immunology, University of Southern California, Keck School of Medicine,
Harlyne J. Norris Cancer Research Tower, 1450 Biggy Street, Los Angeles, CA 90033, USA
2Department of Microbiology and Molecular Genetics and Tumor Virology Division, New England Primate Research Center,
Harvard Medical School, 1 Pine Hill Drive, Southborough, MA 01772, USA
3Institute for Clinical and Molecular Virology, Friedrich-Alexander University Erlangen-Nuremberg, 91054 Erlangen, Germany
4Department of Microbiology, Mount Sinai School of Medicine, One Gustave L. Levy Place, New York, NY 10029, USA
5Department of Geriatric Medicine, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-8655, Japan
6Research Center for Genomic Medicine, Saitama Medical School, Saitama 350-124-2, Japan
7Department of Medicine, Division of Infectious Diseases, One Gustave L. Levy Place, New York, NY 10029, USA
8Global Health and Emerging Pathogens Institute, Mount Sinai School of Medicine, One Gustave L. Levy Place, New York, NY 10029, USA
9These authors contributed equally to this work
*Correspondence: jaeujung@usc.edu (J.U.J.), adolfo.garcia-sastre@mssm.edu (A.G.-S.)
DOI 10.1016/j.chom.2009.04.006SUMMARY
The ubiquitin ligase TRIM25 mediates Lysine 63-
linkedubiquitinationof theN-terminalCARDdomains
of the viral RNA sensor RIG-I to facilitate type I inter-
feron (IFN) production and antiviral immunity. Here,
we report that the influenza A virus nonstructural
protein 1 (NS1) specifically inhibits TRIM25-mediated
RIG-I CARD ubiquitination, thereby suppressing
RIG-I signal transduction. A novel domain in NS1
comprisingE96/E97 residuesmediates its interaction
with the coiled-coil domain of TRIM25, thus blocking
TRIM25 multimerization and RIG-I CARD domain
ubiquitination. Furthermore, a recombinant influenza
A virus expressing an E96A/E97A NS1 mutant is
defective in blocking TRIM25-mediated antiviral IFN
response and loses virulence in mice. Our findings
reveal a mechanism by which influenza virus inhibits
host IFN response and also emphasize the vital role
of TRIM25 in modulating antiviral defenses.
INTRODUCTION
An integral component of innate immunity is the production of
type I interferons (IFNs), a family of antiviral cytokines that func-
tions to prevent completion of the virus lifecycle as well as virus
dissemination in vivo (Garcia-Sastre et al., 1998a). To elicit IFN
responses, mammalian hosts have evolved a variety of cellular
pattern recognition receptors (PRRs) including Toll-like recep-
tors (TLRs) and RIG-I-like receptors (RLRs), which sense the
presence of viral nucleic acids or other conserved molecular
components of invading microbes (Akira et al., 2006; Meylan
et al., 2006; Yoneyama and Fujita, 2007). With respect to the
respiratory pathogens influenza and respiratory syncytialCeviruses, analysis of infected RIG-I/ or MDA5/ cells illus-
trated the essential role of RIG-I in initiating antiviral responses
against these RNA viruses (Loo et al., 2008). Upon viral infection,
the cytosolic receptor RIG-I recognizes viral RNA in a 50-triphos-
phate-dependent manner and initiates an antiviral signaling
cascade by interacting with the downstream partner MAVS/
VISA/IPS-1/Cardif (Cui et al., 2008); (Kawai et al., 2005; Meylan
et al., 2005; Seth et al., 2005; Xu et al., 2005). For MAVS binding
and downstream signaling, the N-terminal Caspase recruitment
domains (CARDs) of RIG-I are responsible.
In addition, tripartite motif (TRIM) proteins, containing an
N-terminal RING domain with potential ubiquitin E3 ligase
activity, represent a new class of antiviral molecules involved in
innate immunity (Nisole et al., 2005; Ozato et al., 2008). TRIM5a
has been extensively studied as a host restriction factor for HIV-1
infection (Stremlau et al., 2004). TRIM25 has recently been
shown to induce Lys63-linked ubiquitination of the N-terminal
CARDs of RIG-I, which is crucial for the cytosolic RIG-I signaling
pathway to elicit host antiviral innate immunity (Gack et al.,
2007). Specifically, TRIM25 interacts with the first CARD of
RIG-I, and this interaction effectively delivers the Lys63-linked
ubiquitin moiety to the second CARD of RIG-I, leading to efficient
interaction with MAVS/VISA/IPS-1/Cardif. Additionally, a splice
variant of RIG-I that carries a deletion (amino acids 36–80) within
the first CARD loses TRIM25 binding, CARD ubiquitination, and
downstream signaling ability, demonstrating the critical role of
TRIM25-mediated ubiquitination for RIG-I antiviral activity
(Gack et al., 2008).
On the other hand, viruses have evolved sophisticated mech-
anisms to evade or counteract the host IFN system. Specifically,
virus-encoded IFN antagonists inhibit host innate antiviral
responses by targeting IFN gene expression or IFN-induced
host effector molecules (Garcia-Sastre and Biron, 2006; Haller
et al., 2006). Indeed, the NS1 is themain IFN antagonist encoded
by influenza A viruses (Garcia-Sastre et al., 1998b), and was
shown to antagonize the assembly of the IFN-b enhanceosomell Host & Microbe 5, 439–449, May 21, 2009 ª2009 Elsevier Inc. 439
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Influenza A Virus Inhibits RIG-I Activation by TRIM25by inhibiting activation of IRF-3 (Talon et al., 2000), NF-kB (Wang
et al., 2000), and ATF-2/c-Jun (Ludwig et al., 2002) transcription
factors. The ability of NS1 to prevent the nucleation of the IFN-b
enhanceosome appears to be due at least in part to its binding to
double-stranded RNA (dsRNA), likely resulting in the sequestra-
tion of this viral mediator from cellular sensors including RIG-I.
Indeed, an influenza virus expressing an NS1 mutant defective
in RNA-binding activity induces high levels of IFN in vitro and is
attenuated in vivo (Donelan et al., 2003). In addition, it has
recently been shown that NS1 interacts with RIG-I and efficiently
suppresses its signal transducing activity (Guo et al., 2007;
Mibayashi et al., 2007; Opitz et al., 2006; Pichlmair et al.,
2006). However, the precise details of the molecular mechanism
by which the NS1 protein antagonizes RIG-I function remains
unknown. Specifically, it is not known whether the interaction
of NS1 with RIG-I directly antagonizes RIG-I function (i.e.,
sensing viral RNA), or whether the NS1-RIG-I interaction
precludes RIG-I interactions with and/or modifications by
additional cellular proteins, such as TRIM25. In this study, we
describe the long-sought mechanism by how the influenza A
virus NS1 achieves this inhibition of the host IFN system. Sur-
prisingly, this involves direct inhibition of the ubiquitin ligase
activity of TRIM25, a mechanism not yet described for any other
viral protein.
RESULTS
Influenza A Virus NS1 Suppresses RIG-I CARD
Ubiquitination
Given that TRIM25-induced ubiquitination of the N-terminal
CARDs is essential for RIG-I to elicit antiviral signal transduction
(Gack et al., 2007), we postulated that virus-encoded IFN antag-
onists might specifically inhibit this step to prevent RIG-I activa-
tion. To test this, we examined the effect of expressing various
viral proteins known to prevent IFN-b promoter activation on
the ubiquitination of GST-RIG-I 2CARD in HEK293T cells.
Among the three viral IFN antagonist proteins tested, influenza
A virus NS1 was unique in that it potently inhibited the RIG-I
2CARD ubiquitination, whereas the other IFN antagonists Ebola
virus VP35 (Cardenas et al., 2006) and vaccinia virus E3L (Smith
et al., 2001) showed no effect under the same conditions
(Figure 1A). Consistently, influenza A NS1 effectively suppressed
the ubiquitination of full-length RIG-I in a dose-dependent
manner (Figure 1B). Furthermore, the ubiquitination levels of
endogenous RIG-I markedly decreased in cells infected with
wild-type (WT) influenza A/PR/8/34 virus compared to mock-in-
fected cells (Figure 1C). In contrast, cells infected with influenza
A/PR/8/34 virus containing a deletion of the NS1 gene (DNS1
virus) exhibited a slight increase in RIG-I ubiquitination
compared to mock-infected cells (Figure 1C). Since the Lys63-
linked ubiquitination of RIG-I CARDs is crucial for efficient
MAVS interaction, we further tested the effect of increasing
amounts of influenza A NS1 on the CARD-dependent binding
of RIG-I to MAVS (Figure 1D). Consistent with its ability to
suppress the RIG-I CARD ubiquitination, NS1 inhibited the
RIG-I-MAVS interaction in a dose-dependent manner. These
results indicate that influenza A virus NS1 specifically inhibits
the RIG-I CARD ubiquitination, resulting in the suppression of
RIG-I-MAVS complex formation.440 Cell Host & Microbe 5, 439–449, May 21, 2009 ª2009 Elsevier INS1 Interacts with TRIM25
In order to elucidate the mechanism by which influenza A virus
NS1 inhibits RIG-I ubiquitination, we tested the potential interac-
tion between NS1 and TRIM25 in HEK293T cells. Coimmunopre-
cipitation (coIP) studies in transfected cells showed an inter-
action between NS1 and TRIM25 (Figure 2A). TRIM25 is
composedof anN-terminal RINGdomain, twoB-boxes, a central
coiled-coil domain (CCD), and a C-terminal SPRY domain (Mer-
oni and Diez-Roux, 2005). The RING and the SPRY domains of
TRIM25 have been shown to interact with E2 ubiquitin-conju-
gating enzymes andwith the N-terminal CARDs of RIG-I, respec-
tively (Gack et al., 2007; Horie-Inoue and Inoue, 2006; Zou et al.,
2007). TRIM25 polypeptides corresponding to RING, B-boxes/
CCD, B-boxes, CCD, and SPRY domains were examined for
NS1 binding. This showed that NS1 specifically interacted with
the central CCD (aa 180–450) of TRIM25 (Figure 2A). Accord-
ingly, a TRIM25 mutant in which the CCD was deleted (TRIM25
DCCD) was incapable of binding NS1 (Figure S1A available on-
line). HEK293T cells infected with various human influenza A
virus strains, including A/PR/8/34 and human virus isolates
A/Texas/36/91, A/New Caledonia/20/99, A/Wyoming/3/2003,
and A/Panama/2007/99, also showed an interaction between
NS1 and endogenous TRIM25 (Figures 2B and 2C). Furthermore,
the NS1 protein of several avian and swine influenza A virus
strains and of the 1918 pandemic strain of influenza A virus
readily bound TRIM25 (Figure S1B). Confocal microscopy
confirmed an interaction between TRIM25 and NS1 (Figure 2D).
While expression of NS1 in HeLa cells resulted in nuclear
localization with a minor cytoplasmic component, TRIM25
overexpression led to a marked increase of NS1 cytoplasmic
localization (Figure 2D). However, expression of a TRIM25
DCCD mutant that no longer interacted with NS1 showed
little or no effect on the subcellular localization of NS1 (Figure 2D).
In addition, we observed an in vitro interaction between
bacterially purified GST-PR8 NS1 and MBP-TRIM25-Flag
(Figure S2A), suggesting the direct binding of influenza A NS1
to TRIM25.
WT NS1 but Not R38A/K41A and E96A/E97A NS1
Mutants Inhibit TRIM25-Mediated RIG-I
Ubiquitination and Signal Transduction
The structure of the N-terminal RNA-binding domain (RBD; aa
1–73) and the C-terminal effector domain (ED; aa 74–230) of
the influenza A virus NS1 has been obtained (Bornholdt and Pra-
sad, 2006; Chien et al., 1997, 2004; Hale et al., 2008a; Liu et al.,
1997). The NS1 RBD likely sequesters viral dsRNA from cyto-
plasmic RNA sensors, such as PKR, OAS, and RIG-I, while the
ED mediates interactions with several cellular factors, including
CPSF (binding cleavage and polyadenylation specificity factor),
PAB II (inhibiting poly-[A]-binding protein), and eIF4G-I to regu-
late viral and host gene expression (Garcia-Sastre, 2001). An
initial mapping study showed that both domains were required
to bind TRIM25 (Figure S1C). We thenmutated conserved amino
acids within both NS1 domains to analyze their impact on
TRIM25 binding. The R38A/K41A NS1 mutant is known to be
deficient in dsRNA-binding activity and in IFN antagonism (Do-
nelan et al., 2003; Talon et al., 2000). The E96A/E97A mutation
is located in a highly conserved putative protein-protein interact-
ing motif (S/T-x-E-E), identified by a computational analysis ofnc.
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Influenza A Virus Inhibits RIG-I Activation by TRIM25Figure 1. Influenza A Virus NS1 Inhibits the TRIM25-Mediated RIG-I CARD Ubiquitination
(A) Whole-cell lysates (WCLs) of HEK293T cells transfected with GST-RIG-I 2CARD together with vector, NS1, V5-VP35, or V5-E3L were subjected to GST-pull
down (GST-PD) followed by immunoblotting (IB) with a-GST or a-Ub. Arrows, ubiquitinated bands.
(B) After transfection with RIG-I-Flag, HA-ubiquitin, and increasing amount of NS1, HEK293T were infected with SeV (50 HA units/ml) for 10 hr. WCLs were sub-
jected to immunoprecipitation (IP) with a-Flag, followed by IB with a-HA or a-Flag.
(C) At 36 hr posttransfection with Flag-ubiquitin, HEK293T were either mock infected or infected with influenza A/PR/8/34 WT or aNS1 virus at MOI 2 for 11 hr.
WCLs were subjected to IP with a-RIG-I followed by IB with a-Flag or a-RIG-I.
(D) WCLs of HEK293T transfected with MAVS-CARD-proline-rich domain (PRD)-Flag and GST or GST-RIG-I 2CARD together with increasing amounts of NS1
were subjected to GST-PD, followed by IB with a-Flag, a-Ub, or a-GST. Arrows, ubiquitinated bands.the NS1 sequence using the Eukaryotic Linear Motif resource
(ELM) (Puntervoll et al., 2003). R38A/K41A and E96A/E97A
NS1 mutants showed a complete loss of TRIM25 binding ability
in coIP assays (Figure 3A). Furthermore, both E96A/E97A and
R38A/K41A NS1 mutants did not colocalize with overexpressed
TRIM25 in HeLa cells (Figure S3). In agreement with these
results, the R38A/K41A and E96A/E97A NS1 mutants, in
contrast to NS1 WT, did not interact with full-length RIG-I
(Figure S4).
We next investigated the ability of NS1WT andmutants E96A/
E97A and R38A/K41A to inhibit the TRIM25-mediated RIG-ICellubiquitination and downstream signaling (Figures 3B–3D). NS1
WTpotently suppressed the RIG-I CARD ubiquitination, whereas
the E96A/E97A and R38A/K41A NS1 mutants had no effect on
the ubiquitination level of RIG-I CARDs (Figure 3B, upper panels).
In line with this, NS1WT, but not the E96A/E97A and R38A/K41A
NS1mutants, potently suppressed the ubiquitination-dependent
CARD interaction between RIG-I and MAVS (Figure 3C). To
further delineate the effect of NS1WT andmutants on RIG-I anti-
viral downstream signaling, we examined the phosphorylation
and dimerization of interferon regulatory factor 3 (IRF3) triggered
by RIG-I CARDs (Figure 3B, lower panels). IRF3 has been wellHost & Microbe 5, 439–449, May 21, 2009 ª2009 Elsevier Inc. 441
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Influenza A Virus Inhibits RIG-I Activation by TRIM25Figure 2. The NS1 Proteins of Various Influenza A Virus Strains Interact with TRIM25
(A) HEK293T were transfected with NS1 together with vector, V5-tagged TRIM25, RING, B-boxes/CCD, SPRY (upper panels), TRIM25, B-boxes/CCD, B-boxes,
or CCD (lower panels). WCLs were used for IP with a-V5 followed by IB with a-NS1 or a-V5.
(B) HEK293T were either mock infected or infected with influenza A/PR/8/34 at MOI 2. At 18 hr postinfection, WCLs were used for IP with a-TRIM25 or without
antibody followed by IB with a-NS1 or a-TRIM25.
(C) WCLs of HEK293T either mock infected or infected with the indicated influenza A virus strains (MOI 2 for 12 hr) were used for IP with a-NS1 followed by IB with
a-TRIM25 or a-NS1.
(D) At 20 hr posttransfection with NS1 alone, TRIM25-V5 alone, NS1 together with TRIM25-V5, or NS1 together with DCCD-TRIM25-V5, HeLa cells were stained
with a-NS1 (green), a-V5 (red) and Hoechst 33256 (nucleus, blue). More than 100 cells with expression of NS1 alone or NS1 together with TRIM25 or DCCD-
TRIM25, respectively, were counted and percentage of the cells with cytoplasmic localization of NS1 is shown (lower left).characterized to undergo virus-induced phosphorylation at
serine 396 and dimerization, which leads to its nuclear transloca-
tion and contribution to IFN-b promoter activation (Paz et al.,
2006). We found that NS1 potently inhibited the serine 396 phos-
phorylation of IRF3 and almost completely blocked IRF3 dimer-
ization (Figure 3B, lower panels), consistent with the previous
published results (Mibayashi et al., 2007). In contrast, the
E96A/E97A and R38A/K41A NS1 mutants, which had no inhibi-
tory effect on RIG-I 2CARD ubiquitination, did not interfere with
the phosphorylation or dimerization of IRF3 (Figure 3B, lower
panels). Consistently, while NS1 WT effectively inhibited the442 Cell Host & Microbe 5, 439–449, May 21, 2009 ª2009 Elsevier InRIG-I 2CARD-induced IFN-b promoter activation in a dose-
dependent manner, the E96A/E97A and R38A/K41A NS1
mutants showed no effect (Figure 3D).
To provide further evidence whether NS1 directly targets
TRIM25 to inhibit RIG-I signal transduction, we addressed if
TRIM25 overexpression can overcome the RIG-I inhibition by
NS1.While NS1markedly suppressed the RIG-I 2CARD-induced
IFN-b gene expression, increasing amounts of TRIM25were able
to overcome the NS1-mediated inhibition of RIG-I 2CARD
(Figure S5). Collectively, these results strongly suggest that
TRIM25 ubiquitin E3 ligase is the direct target of NS1 inhibition.c.
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Influenza A Virus Inhibits RIG-I Activation by TRIM25Figure 3. Inhibition of TRIM25-Mediated RIG-I Signaling by WT NS1 but Not E96A/E97A and R38A/K41A NS1 Mutants
(A) At 48 hr posttransfection of HEK293T with vector, V5-TRIM25 or TRIM25-B-boxes/CCD together with NS1 WT, R38A/K41A, or E96A/E97A, WCLs were sub-
jected to IP with a-V5 followed by IB with a-NS1 or a-V5.
(B) After transfection with GST or GST-RIG-I 2CARD together with vector, NS1WT, R38A/K41A, or E96A/E97A, WCLs were used for GST-PD followed by IB with
a-GST or a-Ub (upper two panels). WCLs were either subjected to native PAGE followed by IB with a-IRF3 (middle panel), or used for SDS-PAGE and immuno-
blotted with a-Phospho-IRF3 (Ser396), a-IRF3, or a-NS1 antibodies (lower panels). Arrows, ubiquitinated bands.
(C) WCLs of HEK293T transfected with MAVS-CARD-PRD-Flag and GST or GST-RIG-I 2CARD together with NS1 WT or mutants were subjected to GST-PD,
followed by IB with a-Flag or a-GST. Arrows, ubiquitinated bands.
(D) HEK293T were transfected with GST or GST-RIG-I 2CARD together with vector or increasing amount of NS1 WT, R38A/K41A, or E96A/E97A as well as
IFN-b-luciferase and pGK-b-gal. Luciferase and b-galactosidase values were determined as previously described (Gack et al., 2007). Data represent the
mean ± SD (n = 3).
(E) At 48 hr posttransfection with vector, TRIM25-Flag, TRIM25-V5, and increasing amount NS1WT, R38A/K41A, or E96A/E97A, HEK293TWCLswere subjected
to IP with a-Flag followed by IB with a-V5 or a-Flag.Influenza A Virus NS1 Inhibits CCD-Dependent
TRIM25 Oligomerization
The CCD of the TRIM family proteins has been characterized to
form a hypersecondary structure with multiple a helices involved
in homo-oligomeric interactions (Meroni and Diez-Roux, 2005).
For example, TRIM5a, an intracellular inhibitor of retroviral repli-
cation with a structure similar to TRIM25, has been shown to
form a trimer in vivo (Mische et al., 2005). To decipher the mech-
anism by which NS1 interaction with the CCD of TRIM25 leads to
the suppression of RIG-I ubiquitination, we addressed whetherCell(1) TRIM25 underwent oligomerization, (2) whether TRIM25 olig-
omerization was necessary for its ubiquitin E3 ligase activity, and
(3) whether NS1 affected TRIM25 oligomerization and thereby
suppressed RIG-I ubiquitination. As shown in Figure S6A,
V5-tagged TRIM25, TRIM25-B-boxes/CCD and TRIM25-CCD
readily formed a complex with Flag-TRIM25; in contrast, the
TRIM25 DCCD mutant was unable to multimerize. When tested
for its ability to ubiquitinate the RIG-I CARDs, the exogenously
expressed TRIM25 DCCD mutant, in contrast to TRIM25 WT,
did not increase the ubiquitination of GST-RIG-I 2CARDHost & Microbe 5, 439–449, May 21, 2009 ª2009 Elsevier Inc. 443
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Influenza A Virus Inhibits RIG-I Activation by TRIM25(Figure S6B). These results strongly indicate that TRIM25 multi-
merizes through its central CCD, and that this multimerization
appears to be essential for its E3 ligase activity to ubiquitinate
the RIG-I CARDs. We then tested whether influenza A virus
NS1 interfered with the TRIM25 multimerization. Indeed, NS1
expression effectively inhibited the CCD-mediated TRIM25 mul-
timerization in a dose-dependent manner (Figure S7A). Consis-
tent with their inability to bind TRIM25, the E96A/E97A and
R38A/K41A NS1 mutants did not interfere with TRIM25 multime-
rization (Figure 3E). Finally, we did not observe any significant
alteration of endogenous or exogenous TRIM25 protein levels
upon NS1 overexpression or infection with influenza A/PR/8
virus (Figures 1C and S7B). These results collectively indicate
that influenza A virus NS1 does not affect TRIM25 expression
level, but its interaction with the central CCD of TRIM25 abol-
ishes TRIM25 multimerization and enzymatic activity, resulting
in the inhibition of RIG-I CARD ubiquitination.
Inhibition of TRIM25 Is Required for Suppression of IFN
Induction and Optimal Replication by Influenza A Virus
The R38A/K41A NS1 mutant was previously reported to be defi-
cient in binding dsRNA, and a recombinant influenza virus
expressing this mutant NS1 protein was defective in IFN antag-
onism and attenuated in mice (Donelan et al., 2003; Talon et al.,
2000). Considering that the R38A/K41A NS1 mutant is defective
both in sequestering viral RNA from molecular sensors and in
suppressing TRIM25-mediated RIG-I ubiquitination, it is difficult
to determine which NS1 function is more critical to its antago-
nism of the type I interferon system. In contrast to the R38A/
K41A NS1 mutant, the E96A/E97A NS1 mutant retains dsRNA-
binding activity (Figure S2B), yet it is defective in blocking
TRIM25-triggered antiviral responses (Figure 3). Thus, the
E96A/E97A mutation in the context of a recombinant influenza
virus should unveil the contribution of TRIM25 inhibition by
NS1 in IFN antagonism and virulence. We therefore generated
a recombinant A/PR/8/34 virus expressing NS1 E96A/E97A
and tested its replication in A549 cells, a human lung epithelial
cell line, in comparison to WT virus. As compared to titers
achieved with WT virus, the E96A/E97A virus exhibited an
approximately 1.5 log reduction in titer at 72 hr postinfection
(Figure 4A). To determine whether the reduction in titer for the
E96A/E97A virus was attributed to induction of IFN, virus
production from IFN-deficient, 8-day-old embryonated chicken
eggs was determined (Figure 4B). At 24 hr postinfection with
100 pfu (plague forming unit) per egg, the titers obtained for
the E96A/E97A virus were comparable to those of the WT virus.
The titers of the R38A/K41A and DNS1 viruses were slightly
reduced as compared to the WT virus. These results suggest
that the reduced titers obtained for the E96A/E97A virus
following infection of A549 cells are attributed to IFN production
and not to an intrinsic defect in NS1 function resulting in impaired
virus replication. To establish whether the loss of TRIM25 regu-
lation correlated with attenuation in pathogenicity, we assessed
the replication and virulence of WT and E96A/E97A viruses in
mice. For comparative purposes we also included R38A/K41A
and DNS1 viruses. Intranasal infection of Balb/C mice with WT
A/PR/8/34 resulted in lethal infection, in which all mice suc-
cumbed by day 6 postinfection (Figures 4C and 4D). However,
infection with the mutant viruses did not result in any observable444 Cell Host & Microbe 5, 439–449, May 21, 2009 ª2009 Elseviermorbidity. Consistent with the absence of morbidity, infections
with E96A/E97A and R38A/K41A viruses resulted in reduced
pulmonary titers at days 3 and 5 postinfection as compared to
titers achieved by WT virus (Figure 4E). The DNS1 virus was
not detectable by plaque assay at these time points.
Previous studies have indicated a correlation between the
IFN-inducing phenotype in vitro and reduced virulence in mice
of influenza viruses expressing mutant NS1 (Donelan et al.,
2003; Falcon et al., 2004; Garcia-Sastre et al., 1998b). Therefore,
we measured IFN production from infected A549 cells by
bioassay (Park et al., 2003; Solorzano et al., 2005). Infection of
A549 cells with the E96A/E97A and R38A/K41A mutant viruses
resulted in substantial IFN production as compared to infection
with WT virus (Figures 4F and S8). Cells infected with DNS1 virus
produced the highest levels of IFN. In order to assess the contri-
bution of TRIM25 in IFN induction by the NS1 mutant viruses,
interferon bioassays were conducted with mouse embryonic
fibroblasts (MEF) derived from either wild-type, heterozygous
(TRIM25+/) or homozygous (TRIM25/) mice (Figure 5).
Whereas WT virus resulted in minimal IFN production in all
MEF lines tested, the mutant viruses were efficient inducers of
IFN. Infection with the E96A/E97A mutant virus resulted in
detectable IFN production from wild-type and heterozygous
cells (Figures 5A and 5B), but not from the homozygous
(TRIM25/) cells (Figure 5C). The IFN-inducing phenotypes
of the R38A/K41A and DNS1 viruses were reduced in at least
one order of magnitude, but they were still evident in the
TRIM25/ cell line. These data indicate that the loss of
TRIM25 inhibition by the E96A/E97A mutant virus is responsible
for its IFN-inducing properties. In contrast, mutations associated
with loss of multiple IFN antagonistic NS1 functions, such as
R38A/K41A, result in viruses with lower but still detectable
IFN-inducing properties in TRIM25/ cells. Specifically, while
some remaining IFN was detectable by bioassay in DNS1 and
R38A/K41A virus-infected cells in the absence of TRIM25, these
levels were approximately 10–100 times lower than in the pres-
ence of TRIM25, indicating that most of the IFN produced in
MEFs is dependent on TRIM25 expression and suggesting that
additional NS1 functions, such as dsRNA binding, are needed
to fully prevent a suboptimal TRIM25-independent induction of
IFN during viral infection. As an alternative approach to
measuring IFN-b secretion, ELISA was performed to measure
IFN-b production by the MEF cell lines at 18 hr postinfection
(Figure 5D). Although the IFN bioassay appears to be a more
sensitive assay for IFN-b production, the ELISA results are in
agreement with the bioassay results. While the WT virus did
not produce detectable amounts of IFN-b, the E96A/E97A and
R38A/K41A viruses induced between 100–1000 pg/mL IFN-b
from wild-type and heterozygous (TRIM25+/) MEFs. By con-
trast, no IFN-b was detected by ELISA from the TRIM25/
infected cells.
DISCUSSION
TRIM proteins, so named due to the presence of RING, B-box,
and coiled-coil domains, constitute a family of proteins that are
involved in a broad range of biological processes including
cell-cycle progression and antiviral responses (Meroni and
Diez-Roux, 2005; Nisole et al., 2005; Ozato et al., 2008). AmongInc.
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Influenza A Virus Inhibits RIG-I Activation by TRIM25Figure 4. Replication and Pathogenicity of Recombinant Influenza Viruses
(A) Multicycle replication of recombinant influenza viruses in A549 cells infected at an MOI of 0.001 pfu per cell.
(B) Virus production from interferon-deficient 8-day-old embryonated chicken eggs at 24 hr postinfection with 100 pfu of each virus per egg. Data represent the
mean ± SD (n = 3).
(C) Percent body weight loss of mice following virus infection. Female Balb/C (n = 5) were infected intranasally with 13 104 pfu of one of the indicated viruses or
mock infected with PBS. Body weights were measured for 12 consecutive days following infection. Data represent the mean ± SD (nR 4).
(D) Kaplan-Meier survival curves of mice infected with the indicated recombinant viruses.
(E) Viral pulmonary titers of infected mice determined on days 3 and 5 postinfection (n = 3) by plaque assay. Asterisk indicates DNS1 not detected by plaque
assay. Bars indicate standard deviation. Data represent the mean ± SD (n = 3).
(F) IFN bioassays measured IFN production by influenza virus-infected A549 cells. Fluorescence units represent the extent of NDV-GFP replication in Vero cells
treated with supernatants from virus-infected A549 cells. Data represent the mean ± SD (n = 3). The color scheme for the indicated viruses is provided at the
bottom of the figure.them, TRIM19 (promyelocytic leukemia protein [PML]) and
TRIM5a have been shown to exhibit potent antiviral activity.
Whereas TRIM19, a component of nuclear bodies, inhibits the
replication of a wide variety of DNA and RNA viruses, TRIM5a
has been demonstrated to interfere with the uncoating of the
preintegration complex of lentiviruses including HIV-1 (Kratovac
et al., 2008; Stremlau et al., 2004; Takeuchi and Matano, 2008).
The importance of TRIM molecules in host defense against virusCelinfection has also been illustrated by the finding that the RING
ubiquitin E3 ligase TRIM25 is crucial for RIG-I-mediated induc-
tion of type I IFN (Gack et al., 2007). Due to their antiviral
activities, TRIM molecules might be targeted by viral proteins
enabling viruses to evade the host immune response. Although
a few viral proteins have been shown to associate with TRIM
family members (Ahn et al., 1998; Hoppe et al., 2006; Yondola
and Hearing, 2007), the biological consequences of thesel Host & Microbe 5, 439–449, May 21, 2009 ª2009 Elsevier Inc. 445
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Figure 5. IFN-Inducing/Suppressing Phenotypes of Recombinant Influenza Viruses in MEFs
(A–C) IFN bioassays were performed to quantitate IFN production resulting from influenza virus infection of (A) wild-type, (B) heterozygous (TRIM25/), or (C)
homozygous (TRIM25/t) MEFs. Fluorescence units represent the extent of VSV-GFP replication in L929 cells treated with supernatants from virus-infected
MEF cells. The data are representative of 3 independent experiments. The legend for (A)–(C) is provided below (C).
(D) ELISA was performed to measure IFN-b production from wild-type, heterozygous (TRIM25/+), or homozygous (TRIM25/) MEFs upon influenza virus
infection. Data represent the mean ± SD (n = 3).interactions have not been elucidated. Our study demonstrates
how a viral protein directly interferes with the activity of a TRIM
molecule to disrupt IFN-mediated innate immunity, which
ultimately leads to viral pathogenesis.
For influenza viruses, the main IFN-antagonistic action is en-
coded by the NS1 gene. Several functions have been docu-
mented that may account for NS1 inhibition of type I IFN
production, including sequestration of dsRNA, interaction with
RIG-I, and inhibition of downstream processes after RIG-I-
MAVS interactions such as the processing and trafficking of
cellular mRNAs and the activities of IFN-inducible enzymes
PKR and OAS (for recent reviews see Albrecht and Garcia-
Sastre, 2009; Hale et al., 2008b). However, the precise mecha-
nism by which the NS1 avoids recognition of virus infection by
the host and prevents IFN production was not elucidated. In
this report, we describe that the NS1 protein directly binds
TRIM25; specifically, the NS1 targets the TRIM25 CCD, thus
interfering with TRIM25 multimerization. TRIM25 multimerization
is crucial for ubiquitination of RIG-I CARDs, a modification that
was found to be necessary for maximal IFN production in
response to virus infection (Gack et al., 2007). Thus, by directly
binding to and inhibiting the enzymatic activity of TRIM25, the
NS1 suppresses RIG-I signal transduction and ultimately IFN-b
production.446 Cell Host & Microbe 5, 439–449, May 21, 2009 ª2009 Elsevier InSince NS1 and RIG-I bind to nonoverlapping domains of
TRIM25—the CCD and SPRY domains (Gack et al., 2007),
respectively—our protein interaction studies suggest a NS1/
TRIM25/RIG-I triple complex in influenza virus-infected cells. In
further support of this, we did not observe a competition between
RIG-I andNS1 for TRIM25 binding (data not shown). The detailed
molecular architecture of the RIG-I/TRIM25/NS1 triple complex
is currently being investigated. We have shown that the interac-
tion of NS1 with TRIM25 is dependent on amino acids located
both in the NS1 RNA-binding domain (basic residues 38 and
41) and outside of this domain (acidic residues 96 and 97). The
recently published crystal structure of full-length NS1 reveals
that these four residues are not in close proximity (Bornholdt
and Prasad, 2008). Interestingly, the crystal structure could only
be determined for an RNA-binding NS1 mutant; R38 and K41
were determined to govern aggregation and stability of the full-
length NS1. It is plausible that the R38A/K41A mutations have
created conformational changes that have resulted in the unan-
ticipated loss of binding to TRIM25. Further studies are then
required to understand the structural contribution of these amino
acids to TRIM25 binding. Nevertheless, the use of a recombinant
influenza virus bearing the NS1 E96A/E97A mutations and of
TRIM25 knockout cells allowed us to conclude that NS1 binding
to TRIM25 is needed for optimal inhibition of IFN production inc.
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tion in human cells and pathogenesis in vivo, and since amino
acids 96 and 97 of NS1 have not been implicated in additional
NS1 functions, this strongly suggests that TRIM25 binding by
NS1 is required for virulence. Interestingly, the NS1 R38A/K41A
mutant virus, impaired in both NS1 binding to dsRNA and
TRIM25, also shows reduced IFN production in TRIM25/
cells. The lack of a complete loss of IFN induction indicates that
TRIM25 is not completely required for IFN induction by influenza
virus infection, and that NS1 functions other than binding to
TRIM25, such as binding to dsRNA, also contribute to maximal
inhibition of type I IFN synthesis during infection.
It is interesting that despite sequence variations, NS1 proteins
encoded by human, avian, and swine influenza viruses inter-
acted with TRIM25 in infected or transfected cells, indicating
that targeting TRIM25 is a conserved function of NS1 of various
influenza viruses. However, it is conceivable that sequence vari-
ations in the NS1 proteins of different virus strains influence the
affinity for TRIM25 binding, which may correlate with viral path-
ogenesis. This concept is important when considering the adap-
tation of an influenza virus to a new host species since cellular
factors targeted by NS1 may have divergent sequences from
one host to the other. Indeed, human and avian TRIM25 show
a detectable degree of sequence variation, such that the human
TRIM25 coiled-coil domain, which is targeted by NS1, exhibits
only 33% identity with the corresponding domain of its avian or-
tholog. Thus, further studies are directed to address the influ-
ence of sequence variations in TRIM25 and NS1 on their interac-
tions and on the NS1-mediated IFN antagonizing activity.
Our study demonstrates that the influenza A virus NS1 targets
multiple checkpoints of the IFN-mediated signaling pathway by
sequestering RNA from cellular sensors like RIG-I and by inhibit-
ing TRIM25 E3 ligase. These NS1 activities, combined with the
ability of the NS1 of several viral strains to suppress host gene
expression collectively establish a comprehensive suppression
of IFN production during viral infection. Our findings also provide
an elegant example of a virus suppressing IFN production by
directly antagonizing the enzymatic function of a TRIM family
member, in this case the RING-mediated E3 ligase activity of
TRIM25. In addition, by identifying NS1 mutants lacking
TRIM25 inhibition and by testing their replication in mice, we
demonstrate the important role of the NS1-mediated TRIM25
inhibition in influenza A virus virulence. Finally, the crucial role
of TRIM25 for maximal type I IFN production in response to influ-
enza A virus was demonstrated by viral infection studies in
TRIM25 knockout cells. Thus, our findings not only describe
a viral immune evasion mechanism that is crucial for in vivo viru-
lence, but also provide detailed insights into the biological role of
TRIM25 in antiviral host defense. These observations should
stimulate the search for additional viral antagonists of innate
immune responses that target TRIM proteins and for additional
cellular proteins modified by TRIM25, which may play specific
roles in antiviral immunity.
EXPERIMENTAL PROCEDURES
Viruses
The A/Puerto Rico/8/1934 mutant virus with NS1 E96A/E97A mutations was
rescued as described previously (Grimm et al., 2007). The rescue plasmidCepDZ-PR8 (NS1 E96A/E97A) was cloned by PCR mutagenesis of the A/Puerto
Rico/8/1934 NS segment with the primer pair (respective to cRNA): 30
NC-Ambi G (50-GATCGCTCTTCTGGGAGCGAAAGCAGG-30) and E9697A-
rev (50-CGCGTTACCTAACTGACATGACTCTTGCGGCAATGTCAAGGGACTG
GTC-30). The E9697A-rev primer contained two point mutations (A313C and
A316C), which resulted in the substitutions Glu96Ala and Glu97Ala. The
E9697A-rev primer also contained a native BsrI restriction enzyme site that
facilitated ligation of the amplified fragment with the WT NS sequence. The
viral NS segments from the rescued viruses were amplified by RT-PCR for
subsequent sequence confirmation.
The parental A/Puerto Rico/8/1934 virus; the mutant viruses encoding NS1
R38A/K41A andNS1 E96A/E97A; A/Texas/36/1991 (H1N1), A/NewCaledonia/
20/1999 (H1N1), A/Wyoming/3/2003 (H3N2), A/Panama/2007/1999 (H3N2),
and NDV-GFP were propagated in 8-day-old, specific pathogen-free embryo-
nated eggs (Charles River Laboratories; North Franklin, CT). The A/Puerto
Rico/8/1934 DNS1 virus was propagated in NS1-expressing MDCK cells.
Influenza viruses titers were determined by plaque assay or by indirect immu-
nofluorescence microscopy with an anti-A/Puerto Rico/8/1934 NP polyclonal
antibody (Bourmakina and Garcia-Sastre, 2005) in MDCK cells. VSV-GFP was
propagated in Vero cells (Ebert et al., 2003).
GST Pull-Down Assay, Immunoprecipitation,
and Immunoblot Analysis
HEK293Tcellswere lysed inNP40buffer (50mMHEPES,pH7.4, 150mMNaCl,
1% [v/v] NP40 and protease inhibitor cocktail [Roche]). GST pull down and
immunoprecipitations were performed as described previously (Gack et al.,
2007). For immunoblotting, proteins were resolved by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto a PVDF membrane
(BioRad Laboratories; Hercules, CA). A549 cell lysates were resolved by
SDS-PAGEand transferred tonitrocellulosemembranes (BioRadLaboratories;
Hercules, CA). The following primary antibodies were used: anti-V5 (1:5,000)
(Invitrogen), anti-Flag (1:5,000) (Sigma), anti-HA (1:5,000) (Sigma), anti-GST
(1:10,000) (Sigma), anti-ubiquitin (P4D1, Santa Cruz), anti-TRIM25 (1:5,000)
(BD Biosciences), anti-RIG-I (1:1,000) (Alexis), anti-IRF3 (1:500) (Santa Cruz),
anti-phospho-Ser396-IRF3 (1:200) (Upstate), anti-NP (1:2,000), anti-NS1
(1:1000; (Solorzano et al., 2005)), anti-b-actin (Abcam; Cambridge, MA), and
anti-M1/M2 monoclonal antibody E10 (Bourmakina and Garcia-Sastre,
2005). Immunoblot analyses of A549 cell lysates were developed with the
following secondary antibodies: ECL anti-rabbit IgG horse radish peroxidase
conjugated whole antibody from donkey and ECL anti-mouse IgG horse radish
peroxidase conjugated whole antibody from sheep (GE Healthcare; Bucking-
hamshire, England). The proteins were visualized by an enhanced chemilumi-
nescence reagent (Pierce) and detected by a phospho imager (Fuji LAS-4000).
Direct Protein Interaction Assay
Recombinant TRIM25 purified from bacteria as an amino-terminal Maltose-
binding protein and carboxy-terminal Flag fusion protein (MBP-TRIM25-
FLAG [Gack et al., 2007]) was incubated with bacteria-produced recombinant
GST-PR8WT NS1 or GST in 50 mM Tris HCl, pH 7.4, 150 mM NaCl, and 0.1%
NP-40 (IGEPAL). TRIM25-NS1 protein complexes were then precipitated with
anti-FlagM1affinity gel (Sigma; St. Louis,MO). Precipitated protein complexes
were resolved by SDS-PAGE and visualized by Coomassie staining.
Poly (I)-Poly (C) Pull-Down Assay
Total cell lysates were prepared from A549 cells infected withWT, E96A/E97A,
or R38A/K41A viruses by lysing cells in 50 mM HEPES, pH 7.5, 1% Nonidet
P-40, 0.25% sodium deoxycholate, 150 mM sodium chloride, and 10% glyc-
erol. NS1 proteins were precipitated from total cell lysates by poly (I)-poly (C)
conjugated to sepharose as described previously (Cardenas et al., 2006).
Precipitated proteins were resolved by SDS-PAGE and transferred to nitrocel-
lulose membranes (BioRad Laboratories). Precipitated NS1 proteins were
visualized by immunoblot analysis with the anti-NS1 (1-73) polyclonal antibody
(Solorzano et al., 2005) and ECL anti-rabbit IgG horse radish peroxidase conju-
gated whole antibody from donkey (GE Healthcare).
Quantification of Interferon Production
Interferon produced from cells infected with the indicated influenza viruses at
an MOI of 2 was examined by an interferon bioassay as described elsewherell Host & Microbe 5, 439–449, May 21, 2009 ª2009 Elsevier Inc. 447
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produced from A549 cells was determined by NDV-GFP infection of Vero cells
treated with A549 supernatants. Interferon produced from MEF cells was
determined by VSV-GFP infection of L929 cells treated with MEF superna-
tants. Mouse IFN-b production from MEFs was measured by enzyme-linked
immunosorbent assays (ELISA; PBL Biomedical Laboratories) as per
manufacturer’s instructions. The limit of detection for the IFN-b ELISA was
15.6 pg/mL.
Mouse Infections
Six-week-old female Balb/C mice were anesthetized with ketamine/xylazine
prior to intranasal infection with 1 3 104 pfu of virus diluted in phosphate buff-
ered saline (PBS) or mock infected. Mice were monitored daily for weight loss
or other signs of morbidity over a 12 day period. All animal procedures were
performed in accordance with guidelines established by the Mount Sinai
School of Medicine Institutional Animal Care and Use Committee and National
Institutes of Health for the care and use of laboratory animals.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and eight
figures and can be found online at http://www.cell.com/cellhostandmicrobe/
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